Introduction {#sec1-1}
============

Hearing preservation surgery constitutes a considerable branch of cochlear implantation surgery and is being steadily developed and perfected ^[@ref1][@ref2]^. There is much discussion about the terminology and groups of patients, as different authors apply different definitions to terms such as residual hearing or deep insertion.

A crucial aim of cochlear implantation, apart from delivering electric stimulation to non-functioning parts of cochlea, is to preserve low frequency preoperative hearing after surgery ^[@ref3]^. The degree of intracochlear mechanical trauma caused by surgical intervention may range from minor vascular injury, tearing of a spiral ligament, displacement or perforation of basilar membrane to fracturing of osseous spiral lamina or modiolar wall; it is associated with an acute inflammatory response ^[@ref4][@ref5]^. The cause of these problems may be not only the fault of the surgical technique and surgeon's inexperience, but may also be related to the individual anatomy of cochlea and physical parameters of electrode array and how they relate to each other. Many researchers have studied the issue of the depth of insertion of an electrode array as there is a trade-off between the expected cochlear coverage and risk of direct physical trauma caused by electrode's presence ^[@ref4]^.

When analysing the placement of an electrode array of a specific length ^[@ref10][@ref11]^, we cannot use either angular insertion depth or linear insertion as a measure of cochlear duct coverage with relation to its tonotopic organisation because of large inter-individual variability of cochlea measurements ^[@ref8][@ref12]^. Additionally, several studies have shown that penetration of an electrode array into apical functioning parts of cochlea may considerably increase the risk of hearing deterioration or loss ^[@ref16]^. In this context, a question arises if we could use precise estimation of an individual array insertion depth in relation to the expected frequency along the organ of Corti as a tool for optimising outcomes of hearing preservation. In other words, can measuring a cochlea before surgery be helpful in increasing hearing preservation rate in cochlear implantation?

Several papers have been published investigating the relationship between depth of electrode array insertion and residual hearing preservation in cochlear implantation. There is an inherent limitation to the learning value of these reports because each relates the results obtained with different array types, different surgical approaches to cochlea, different methods of estimating the array position and, what of crucial importance, in the face of lack of a uniform classification system of hearing preservation have used various evaluation methods, and thus the results are difficult to compare ^[@ref4][@ref5][@ref17]^. Fraysse et al. ^[@ref18]^ presented the results of 21 adult patients implanted with a perimodiolar electrode through cochleostomy. They found no significant relationship between preservation of hearing and insertion depth angle. However, they reported considerable hearing loss in cases of deeper insertions, i.e. in smaller cochleae. Similar results have been reported by James et al. ^[@ref17]^ in their study with a perimodiolar array implanted through a cochleostomy approach. Erixson et al. ^[@ref19]^ studied two Med-El electrodes of different lengths, flex EAS (now Flex24) and flex soft, and found no significant relation between angular insertion depth and hearing preservation rate, although the two deepest insertions resulted in complete hearing loss. Causon et al. ^[@ref5]^ in a recent literature review analysis of reported factors found a significant relation between hearing preservation and angular insertion depth, but included several different methods of hearing preservation assessment, surgical methods and approaches, electrode arrays and physical parameters. Hassepas et al. ^[@ref4]^ reported the results of 41 adults implanted with a Nucleus CI422 slim straight electrode using cochleostomy and round window technique. They focused on comparison of these two approaches in terms of insertion depths and possible scalar dislocation of array for straight electrode.

The present study is the first comprehensive approach to evaluate the relationship between the size of a cochlea, insertion depth angle and linear insertion depth and preservation of hearing assessed using the new Hearing Preservation Classification ^[@ref20]^. Study material includes the largest group of patients to date implanted with the slim straight electrode using the round window technique ^[@ref21]^. Among these patients, there were both children and adults with various degrees of low frequency hearing who had been implanted with a CI422 electrode using only two intraoperatively estimated insertion depths: 20 mm and 25 mm. There was no data on cochlea measurements prior to surgery. The objective of the study was to assess if insertions performed according to the patient's specific calculated linear insertion depth increases the rate of hearing preservation.

Materials and methods {#sec1-2}
=====================

Subjects {#sec2-1}
--------

In this retrospective analysis we analysed a group of 54 patients who underwent cochlear implantation with the Nucleus CI422 slim straight electrode in our clinic between March 2008 and January 2011. Patients with structural malformations of a cochlea, retrocochlear origin of hearing loss or aetiology suggesting obliteration or ossification were excluded.

The study received the approval of the institutional bioethics committee according to Polish legal regulations (approval number IFPS/KB/04-2009). Procedures and data collection conformed with ISO 14155:2003. The study followed the principles of the Declaration of Helsinki.

Audiometric testing {#sec2-2}
-------------------

Pure tone audiometry (PTA) tests were performed using calibrated audiometers with outputs of 90 dB HL at 125 Hz, 105 dB HL at 250 Hz, 110 dB HL at 500 Hz, 120 dB HL at 1 kHz, 120 dB HL at 2 kHz, and 115 dB HL at 4 kHz and 6 kHz. In unaided conditions, tests were performed in a double-walled sound booth using earphones. PTA using tones in the range 0.125-6 kHz was performed preoperatively and at 1, 5, 9, 12 and 24 months after activation of the speech processor. Hearing threshold evaluation in PTA was performed following the modified Hughson & Westlake procedure with 5 dB precision ^[@ref22]^. Pre- and post-operative hearing levels were categorised according to Skarzynski's definitions ^[@ref16]^.

Surgery and electrode array {#sec2-3}
---------------------------

Cochlear implantation was performed in the worse hearing ear in all patients. Surgery was performed using the 6-step Skarzynski procedure with a round window approach for partial treatment of deafness. All patients received the CI422 electrode, which is a 25 mm slim straight electrode with 22 half band contacts and diameters 0.3 mm at the tip and 0.6 mm at proximal end. It has two white markers, at 20 and 25 mm, to facilitate intraoperative estimation of insertion depth ^[@ref16][@ref21]^. The decision as to how deeply an electrode should be inserted was made on the basis of the PDT classification ^[@ref16]^, but if there is any resistance, force or lock during the insertion then it should be stopped. Otherwise, there is a risk that hearing will not be preserved. Steroids were administered according to our routine procedure in all patients: 0.1 mg/kg/day dexamethasone IV infusion in two doses per day for 3-4 days. Questionnaires with intraoperative reports on insertion depth estimation (1^st^ marker, between markers, around 22 mm, 2^nd^ marker) were collected.

Radiologic evaluation {#sec2-4}
---------------------

A flat-panel high-resolution computed tomography (HRCT, Somatom Definition AS, work station Siemens MMWP) was used for imaging.

Diameter of the basal turn of cochlea -A {#sec2-5}
----------------------------------------

Reconstructions of the cochlea image ("cochlear view") were prepared according to the method described by Xu et al. ^[@ref23]^. The 0° reference angle was defined according to the coordinate system proposed by a consensus panel ^[@ref24]^. The diameter of basal turn -- linear measurement A -- was evaluated according to the method described by Cohen et al. as the largest distance from the round window through the centre of a modiolus to the opposite lateral wall of a basal turn ^[@ref25]^.

Angular insertion depth {#sec2-6}
-----------------------

The angle of insertion θ measured along the lateral wall of cochlea was specified and estimated according to the method described by Cohen et al. ^[@ref25]^. It is an angle between the line passing through the round window and the center of modiolus and the line connecting a specific position along the lateral wall of cochlea indicated by the electrode tip and the centre of the modiolus.

Linear insertion depth for slim straight electrode CI 422 {#sec2-7}
---------------------------------------------------------

A line tracing the outer wall of cochlea was described using the equation given by Escude ^[@ref14]^. where: log e = natural logarithm; θ = angle between a line connecting the middle of a modiolus with a tip of an electrode and a line connecting the middle of a modiolus with a round window niche (lateral lip of sinus tympani) ([Fig. 1](#fig001){ref-type="fig"}).

According to method proposed by Alexiades ^[@ref26]^, in order to evaluate the linear insertion depth for a particular straight array with greater precision one should allow for the length of displacement from the outer wall towards the organ of Corti. Alexiades proposed that linear measurement A should be reduced by the doubled electrode's average radius. For CI422, the average radius is 0.45 mm (range 0.3-0.6). Performing appropriate substitution to [Equation 1](#eq001){ref-type="disp-formula"} we obtain [Equation 2](#eq002){ref-type="disp-formula"} as follows:

Cochlear duct length for CI 422 electrode {#sec2-8}
-----------------------------------------

For cochlear duct length (CDL), we used the same evaluation method proposed by Alexiades ^[@ref26]^.

CDLlw = 4.16A + 0.18 (Equation 3). For CI 422 electrode the above equation is: CDLCI422 = 4.16 (A-0.9) + 0.18 = 4.16A-3.54 (Equation 4).

Hearing preservation {#sec2-9}
--------------------

Hearing preservation (HP) was calculated using the new Hearing Preservation classification system proposed by Skarzynski et al. ^[@ref20]^, which is based on preoperative and postoperative PTA

S (%) = \[1 -- {(PTApost -- PTApre)/(PTAmax -- PTApre)} x 100\], where: S is the hearing preservation, PTApost is the pure tone average postoperatively, PTApre is the pure tone average preoperatively and PTAmax is the limit of the audiometer.

Statistical analysis {#sec2-10}
--------------------

Statistical analysis was performed using Statistica 10. HP analysis for implanted and non-implanted ears was performed using a non-parametric Friedman ANOVA test and the Kendall compliance coefficient. The relation between HP rate and angular insertion depth was estimated using Pearson's linear correlation. For both tests a significance level of p \< 0.05 was adopted.

Results {#sec1-3}
=======

Demographic data {#sec2-11}
----------------

Subjects were 54 patients aged 6 to 83 years, mean 30.05, with various degrees of high frequency sensorineural hearing loss. In this group, 26 patients were male. In 29 cases the right ear was implanted. Duration of the period of severe to profound hearing loss in study subjects ranged from 3 to 48 years, mean 13.2 (SD 2.9). In 29% subjects hearing loss had a confirmed genetic aetiology, in 60% the aetiology was unknown, in 3% deafness was caused by peri-delivery complications, in 3% due to ototoxic drug use, in 3% was post inflammatory processes and in 2% deafness was a result of birth paralysis.

Surgery {#sec2-12}
-------

All implantations were successfully performed by the same surgeon. Insertion was rated as easy (very little force inside cochlea, but no problem with insertion) in 15 cases, very easy (no forces or any resistance in the cochlea) in 31 cases, acceptable (because of slight force there was slower insertion, but full depth was achieved) in 6 cases and difficult in 2 cases. Intraoperative estimation of insertion depth was as follows: in 29 cases 2^nd^ marker, between 1^st^ and 2^nd^ 2 cases, and in 23 cases 1^st^ marker.

Hearing preservation {#sec2-13}
--------------------

In all subjects but one the PTA hearing thresholds were measured across frequencies preoperatively and over the 24-month follow-up period. One patient had temporarily fallen out of follow-up, and thus HP at 12 months was calculated for only 53 subjects. For the entire group analysed, the S value of HP was calculated and was 0.75 at activation, 0.67 at 12 months and 0.60 at 24 months.

Radiologic evaluation {#sec2-14}
---------------------

### Angular insertion depth θ {#sec3-1}

In all cases but one reconstructions of cochlea images were successfully obtained in the early postoperative period ([Fig. 1](#fig001){ref-type="fig"}). The image quality of the excluded patient was insufficient to obtain cochlear view reconstruction. The measured insertion depth angles of array ranged from 310° to 540°, mean 375° (SD 17°).

### Cochlear duct length for CI422 electrode - CDLCI422 {#sec3-2}

Calculated cochlear duct length for the CI422 electrode ranged from 30.16 mm to 40.56 mm, mean 35.87 mm (SD 1.95).

### Linear insertion depth for CI422 electrode - LCI422 {#sec3-3}

Calculated linear insertion depth of the CI422 electrode array in postoperative reconstructions of cochlear view ranged from 19.81 mm to 26.43 mm, mean 23.14 mm (SD 1.68).

Relationship between individual S values of HP in the studied group at activation, 12 and 24 months of follow-up and the individual angular insertion depths θ was evaluated, and no statistically significant relation was found (respectively p = 0.1, p = 0.2, p = 0.1) ([Fig. 2](#fig002){ref-type="fig"}).

Likewise, the relation between the S value of HP for each subject in the group and intra-operatively estimated depth of insertion did not show any statistical significance ([Fig. 3](#fig003){ref-type="fig"}).

Discussion {#sec1-4}
==========

Individual variability of cochlea size (Stakchovskaya ^[@ref12]^ in the study of temporal bone specimens reports a 6.37 mm difference between the shortest and the longest cochlear duct in her material) and a large variety of residual hearing levels are the two factors that have to be considered when attempting to determine the relationship between preservation of hearing and array insertion depth ^[@ref12]^. In the relations analysed in our study, we assumed two different conditions of implantation. The first is that a surgeon does not know the cochlea size preoperatively, and the only available information is hearing status and electrode length. Secondly, a surgeon knows the diameter of the basal turn, and can thus calculate cochlear duct length, and also knows hearing status and electrode length ^[@ref26]^. However, due to anatomical variations of cochlea dimensions the angle of insertion does not provide an actual data on frequency coverage, because in a large cochlea, as for example the largest in our study group with A = 10.6 mm and CDL = 40.65 mm, an insertion to the depth of 20 mm would most probably not reach 360°, as it does in a medium sized cochlea ^[@ref18]^.

Referring to Greenwood's equation describing the frequency distribution along the organ of Corti, a proportion between the cochlear duct length and the linear position of electrode enables calculating the frequency at a furthest point of a specific electrode array penetration into the scala tympani ^[@ref12][@ref27]^. According to our hypothesis, this information should help to avoid insertions that are too deep, which might cause low frequency hearing loss ^[@ref17]^. It might also be of considerable help in cases of preserved hearing in electro-acoustic stimulation, where precise estimation of a particular frequency is needed ^[@ref16]^. The first condition mentioned above is epitomised by the relation between HP rate and intrasurgical estimation of array insertion depth ([Fig. 3](#fig003){ref-type="fig"}), The second condition describes the relation between HP rate and proportion of cochlear duct length for the CI422 array (CDLCI422) and the intraoperatively estimated electrode insertion depth. We did not find this relationship to be statistically significant ([Fig. 4](#fig004){ref-type="fig"}). However, intraoperative estimation of insertion depth can be encumbered with errors resulting from such real life surgical situations such as a shortcut in the proximal part of basal turn or folding of an electrode tip ^[@ref28]^ ^[@ref29]^. This is also suggested by the results published by Franke-Trieger et al. who reported 14% of cases falling outside the recommended depth in CT evaluation ^[@ref27]^.

In addition, Hassepass et al. ^[@ref4]^ performed similar measurements in their study of intraoperatively approximated insertions of 22 mm. They reported mean postoperatively radiologically estimated insertion depth of 21.5 mm. However, they did not report the nominal values of ranges of linear insertion. For this reason, we introduced a mathematical calculation of the LCI422 variable based on a value of angle of insertion and cochlea size, according to Alexiades ^[@ref26]^. Herein, insertions rated as 20 mm resulted with 21.4 mm (SD 1.0) in calculations based on radiological measurement and insertions rated as 25 mm resulted with 23.1 mm (SD 1.8). The L CI422 /CDL CI422 proportion is independent of cochlea size, and is an individual measure of cochlear coverage. Cochlear coverage calculated based on the L CI422/CDL CI422 did not differ significantly from that calculated based on the CDL CI422 and intraoperative estimation. We did not find any significant difference between the HP and L CI422 /CDL CI422 across the study group ([Fig. 5](#fig005){ref-type="fig"}).

These relations have reference to our hypothesis, namely that HP rates in these conditions are not significantly different from one another. This does not corroborate our assumption that the preoperative measurement of cochlea size would increase the chances of high S value of HP.

A few cases where at activation we observed a minimal HP, although not complete hearing loss, were related to deep (540° or 450°) insertions. These cases slip out of the general tendency. Radiological evaluation of the electrode array did not reveal array dislocation in any case.

This result is in line with those reported by other authors. Erixson et al. in a study involving 21 patients implanted with Med-El electrodes found no significant relation between the HP rate and insertion angle or insertion depth ^[@ref17]^. In their investigation, the two deepest insertions of 540° had also completely lost their hearing, although their measured linear insertions did not exceed 23.5 mm -- pointing towards a conclusion that the risk of hearing loss is higher in a smaller cochleae --. A similar observation was reported by Fraysse in a study of 27 adults implanted with perimodiolar electrodes through a cochleostomy approach. Although in their estimation of the insertion depth angle they did not differentiate between a perimodiolar position of array and a lateral wall array, and for that reason is less precise, the general tendency is analogous to that observed in our study group. In their study, the greatest insertion angle was 435° and the postoperative increase of hearing threshold for 250-500 Hz averaged over 50 dB ^[@ref18]^. It also suggests that future analyses should investigate electrode types and hearing thresholds ^[@ref30][@ref31]^.

Another important factor is the age of a patient ^[@ref32]^. In an elderly population, deeper insertions should possibly be recommended, including patients with a substantial preoperative hearing suitable for preservation ^[@ref33]^.

Conclusions {#sec1-5}
===========

On the basis of our results we conclude that preoperative measurements of cochlea size and application of specific calculated parameters such as cochlear duct length, angle of insertion and linear insertion depth do not seem to effectively increase the probability of hearing preservation in cochlear implantation when using slim straight arrays and the round window surgical approach.

Although radiological evaluation of electrode position, including linear insertion depth, appears to provide more precise information compared to the intraoperative evaluation of electrode position, this measurement does not assure a successful and safe implantation in terms of preservation of low frequency hearing. Poor results of hearing preservation in some cases of deep insertion angles cannot be explained entirely by the electrode position.

**Conflict of interest statement**

None declared.

![CT reconstruction of cochlear view according to Xu et al. ^[@ref23]^. Angle of insertion θ estimated according to Escude.](aoi-2018-05-468-g001){#fig001}

![Relation between hearing preservation calculated at activation and at 12 months and 24 months of follow-up vs. angular depth insertion (axis Y).](aoi-2018-05-468-g002){#fig002}

![Condition 1. S value of hearing preservation during follow-up is not significantly related to intraoperatively estimated insertion depth of electrode array.](aoi-2018-05-468-g003){#fig003}

![Condition 2. Proportion of CDL CI422 to intraoperatively estimated insertion depth of electrode array does not significantly influence S value of HP during follow-up. The Y axis is hearing preservation (S), and the X axis is cochlear duct length for CI 422 electrode in mm. Each dot represents an individual patient.](aoi-2018-05-468-g004){#fig004}

![Condition 2. CDL CI422/LCI422 does not have a significant influence on S value of HP during follow-up. The Y axis is hearing preservation (S), and the X axis is a quotient of CI 422 electrode length divided by individual cochlear duct length for CI 422 electrode. Each dot represents an individual patient.](aoi-2018-05-468-g005){#fig005}
